Bi 2 Se 3 nanoribbons, grown by catalyst-free Physical Vapour Deposition, have been used to fabricate high quality Josephson junctions with Al superconducting electrodes. The conductance spectra (dI/dV) of the junctions show clear dip-peak structures characteristic of multiple Andreev reflections. The temperature dependence of the dip-peak features reveals a highly transparent Al/Bi 2 Se 3 topological insulator nanoribbon interface and Josephson junction barrier. This is supported by the high values of the Bi 2 Se 3 induced gap and of I c R n (I c critical current, R n normal resistance of the junction) product both of the order of 160 µeV, a value close to the Al gap. The devices present an extremely low relative resistance noise below 1×10 −12 µm 2 /Hz comparable to the best Al tunnel junctions, which indicates a high stability in the transmission coefficients of transport channels. The ideal Al/Bi 2 Se 3 interface properties, perfect transparency for Cooper pair transport in conjunction with low resistive noise make these junctions a suitable platform for further studies of the induced topological superconductivity and Majorana bound states physics. a) Electronic mail: floriana.lombardi@chalmers.se arXiv:1910.00280v2 [cond-mat.supr-con]
The interest for hybrid Topological Insulator (TI) Josephson junctions has boosted after the prediction by Fu and Kane 1 of an unconventional chiral p x + ip y (p-wave) symmetry of the proximity induced order parameter into the topological surface states. The chiral induced p-wave is a prerequisite for the nucleation of localized Majorana states in a tri-junction geometry 1 which are instrumental for topological quantum computation. In a multimode hybrid TI Josephson junction, with two terminal geometry, Majorana physics manifests as peculiar properties of a part of the Andreev bound states carrying the Josephson current: they give rise to an unconventional 4π periodic current phase relation (CPR) coexisting with a 2π periodic CPR of the conventional Andreev bound states 2 . The relative weight between the 4π and 2π periodic Andreev bound states increases with the transparency of the junction and in general by reducing the number of channels 3,4 . A direct way to achieve a low number of transport channels is to use TI with reduced dimensionality like very thin and narrow nanoribbons. Indeed quite recently, various theoretical proposals have shown the advantage to use Josephson junctions with TI nanoribbon, with suppressed bulk conduction, to realize Majorana fermions 5 .
In this letter we demonstrate the realization of Bi 2 Se 3 nanoribbon Josephson junctions with Al electrodes with a) highly transparent Bi 2 Se 3 /Al interface, b) highly transparent barrier for Cooper pair transport and c) low resistance noise. The combination of all these properties are instrumental to study novel effects related to topological superconductivity.
As already observed in Josephson devices made with 2-dimensional electron gases (2DEG) 6,7 , the detection of Multiple Andreev Reflections (MAR) is a powerful tool to get information about the value of the induced gap ∆ and insights into the Cooper pair transport. In situ growth of the superconducting electrodes on the 3D TI would be the ideal strategy to realize highly transparent Superconductor / 3D TI interfaces as demonstrated in the case of InAs nanowires and 2DEG 7, 8 . However at present, most of the results presented in literature, on the induced superconductivity in 3D TI's, refer to devices fabricated from flakes, exfoliated from single crystals or films, and then transferred to a substrate [9] [10] [11] . In this case the interfaces with the superconductor are realized ex-situ after the removal of the oxide layer which unavoidably form on top of the 3D TI 12 .
Here we report an excellent coupling between Bi 2 Se 3 nanoribbons and Al, by using an ex-situ procedure for the definition of the interface. Differential conductance spectra display sub-gap structures resulting from MAR.
The as grown nanoribbons 13, 14 were transferred to SiO 2 (300nm)/Si substrates and electron beam lithography processing was used to define the electrodes separated by a distance ranging from 70 nm to 150 nm. Prior to the deposition of the electrodes the Bi 2 Se 3 nanoribbon is etched by Ar + ion milling to remove the layer of native oxide. This step is followed by the evaporation of the bilayer Pt and Al (3nm/80nm). In our earlier works 10,15-17 , by using TI flakes, we have demonstrated the crucial role of Pt to create a transparent interface when Al is employed as electrode. This has been also confirmed by other authors 18 . All the measurements presented here were conducted in an rf -filtered dilution refrigerator with a base temperature of 19 mK. Inset shows enlarged conductance curve (dI/dV) for device B45-C1, (Table S1, SI).
the superconducting electrode S), characterized by an induced gap ∆ while N is the part of the TI in the nanogap not covered by the superconductor (Fig. 1b ). I indicates the barrier between the Al and the Bi 2 Se 3 nanoribbon while I is the barrier between the Bi 2 Se 3 under the Al and that Bi 2 Se 3 in the nanogap.
The current-voltage characteristic (IVC) of one of the nanoribbon Josephson junctions is shown in Fig. 1c . The IVCs of our junctions typically display a hysteretic behaviour which is an indication of an increased electron temperature once the junction switches to the resistive state 19 . The switching current I c is determined from the forward sweep, and for the junction B45-C1 I c is 0.20 µA (Table S1, (Table S1 , SI). The I c R N increases to about 170 µeV as increasing the width of the nanoribbon by a factor of two (see in Table S1 , SI).
A common feature for all the investigated devices is the presence of an excess current a) In Fig. 2a we show the conductance spectra of some of the measured devices with slightly different geometrical parameters (L) × (w) × (t), (Table S1, SI). The conductance spectra for all the junctions exhibit clear features at voltages below the gap of Al. In case of a very high transparency of the Josephson junction, the dips in the conductance spectra are associated to Multiple Andreev Reflections, occurring at voltages V=2∆ /en, where n is an integer 22,23 . Fig. 2b depicts the enlarged conductance spectra for device B45-C1.
The red arrows indicate the positions of the dips, that follow the relation 2∆ /en. The induced gap ∆ for this junction is found to be 168 µeV (Table S1, SI). This value of the induced gap can be used to evaluate the transparency τ , which for all junctions is found in the range 0.65 -0.85, indicating a good transmission through the barrier I (see Fig. 1b ).
It is important to note, that such high transparency of the Josephson barrier interface is reproducible from nanoribbon to nanoribbon (Table S1, SI). Fig. 3a illustrates the conductance spectra for device B45-C1 measured at different temperatures. The temperature dependence of the induced gap ∆ can be described as 6,24 :
Here the parameter γ is proportional to the ratio R B /ρ N ξ N where ρ N and ξ N are respectively the resistivity and the coherence length of the Bi 2 Se 3 and R B the interface resistivity between Al and Bi 2 Se 3 . The three main conductance dips that we observe (n = 1, 2, 3) are identified as 2∆ , ∆ and 2/3∆ . They are plotted as a function of the temperature ( Fig. 3b ) and can be well approximated using equation 1. We find the best fit of the data ∆ (T) to eq. 1 by using γ = 0.5 and the critical temperature of the junction T c = 1.14 K.
The other two curves of the fit for the temperature dependence of the conductance dips 2∆ (T) and 2/3∆ (T) (red and green solid lines in Fig. 3b ) are obtained by rescaling to the ∆ (T) values (multiplying by 2 and 2/3 respectively) and keeping the same parameters of T c and γ. The good fitting of the 2∆ /n curves to eq. 1 supports the assumption that the dips in the conductance spectra are due to the proximity induced superconducting gap in the Bi 2 Se 3 . Indeed the number of modes leading to a 4π periodic CPR increases for higher values of the transparency of the barrier I 3,4 . A precise control of the interface between the Al and the Bi 2 Se 3 is therefore important to reach values of τ higher than 0.85 achieved in this work.
To further corroborate the quality of our 3D TI junctions we have performed low frequency resistance noise measurements at voltages above 2∆ /e. The resistance fluctuations δR are measured by applying a constant bias current and recording the voltage fluctuations as a function of time δV(t) = δR(t) I b . The time dependent voltage signal is then amplified by a room temperature low noise amplifier and the output sent to an FFT spectrum analyser. The amplifier noise contribution was further reduced by using two amplifiers in parallel and performing a cross-correlation spectrum in the FFT analyser 25 .
In Fig. 4 we show the normalized resistance noise power spectral density, S In our data, the voltages corresponding to three most pronounced dips in the conductance curve were extracted for positive and negative voltages (see markers). The extracted values for both positive and negative voltages were averaged and ∆ was calculated for each value of n as 2∆ /n.
As a result, three values of ∆ were obtained (for each dip) which were then averaged yielding the final value of ∆ (168 µV for junction B45-C1, listed in Supplementary Table S1 ). This procedure to extract the ∆ was repeated also for other junction listed in Table S1 .
